Background: Survivors of myocardial infarction (MI) are at high risk of new major adverse cardiovascular events (MACE). Coronary flow reserve (CFR) is a strong and independent predictor of MACE. Understanding the prevalence of impaired CFR in this patient group and identifying risk markers for impaired CFR are important steps in the development of personalized and targeted treatment for high-risk individuals with prior MI. Methods: PROFLOW is a prospective, exploratory, cross-sectional open study. We used information from the SCAAR (Swedish Coronary Angiography and Angioplasty Registry) to identify high-risk patients with a history of type-1 MI. We measured CFR non-invasively in a left anterior descending artery (LAD) using transthoracic Doppler echocardiography. Coronary flow velocity was measured at rest and at maximal flow after induction of hyperemia by intravenous infusion of adenosine (140 μg/kg/min). Independent predictors of CFR were assessed with multiple linear regression. Results: We included 619 patients. The median age was 69 (IQR 65-73), and 114 (18.4%) were women. Almost one-half of the patients, 285 (46.0%) had the multi-vessel disease, and 147 (23.7%) were incompletely revascularized. The majority were on optimal standard treatment eg ASA (93.1%), statins (90.0%), ACEI/ARB (82.6%) and beta-blockers (80.8%). The majority, 547 (88.4%) had no angina pectoris, and 572 (92.2%) were in NYHA class I. Evaluation of CFR was possible in 611 (98.7%) patients. Mean CFR was 2.74 (±0.79 (mean ± SD)). A substantial number of patients (39.7%) had CFR ≤2.5. In a multiple linear regression model age, dyslipidemia, smoking, hypertension, body mass index, incomplete revascularization, and treatment with angiotensin receptor blockers were independent predictors of CFR. Conclusion: In this high-risk group of patients with prior MI, the prevalence of impaired CFR was high. Further risk stratification with CFR in addition to traditional cardiovascular risk factors may improve predictive accuracy for future MACE in this patient population.
Introduction
Coronary artery disease is the leading cause of death globally. Survivors of myocardial infarction (MI) have up to 30% risk of additional events after the first year and an annual death rate of 5% which is six times that in individuals without coronary heart disease. 1, 2 Today, we need better methods to identify high-risk individuals as well as more effective treatments to lower the risk of major adverse cardiovascular events (MACE) including death, MI, and stroke in this high-risk population.
It is now recognized that myocardial ischemia, caused by flow-limiting atherosclerosis and microvascular dysfunction, is the main pathophysiological feature driving residual cardiovascular risk in patients with ischemic heart disease. 3 Coronary flow reserve can capture both flow-limiting atherosclerotic lesion in the epicardial segments of coronary arteries as well as microvascular dysfunction, and thus may be able to serve as a composite risk marker for residual risk. 4 We and others have shown that coronary flow reserve (CFR) is a strong and independent predictor of MACE both in individuals without epicardial coronary artery disease as well as in those with known coronary artery disease. [5] [6] [7] [8] CFR is the ratio between maximum coronary blood flow and flow at rest. This ratio mirrors the capacity of the coronary circulation to increase flow and thus, oxygen and substrate delivery in response to increased myocardial demand. Coronary flow regulation is mainly controlled at the microcirculatory level, where endothelium has a central regulatory role. However, other factors influence CFR including atherosclerotic narrowing of the vessel lumen, rheological properties of blood, inflammation, and coagulation. 9 In this cross-sectional study, recognizing the potential of CFR as a powerful prognostic marker, our primary objective was to investigate the prevalence and the degree of impaired CFR and to identify independent predictors of impaired CFR in a high-risk population with a history of MI.
Methods

Definition of the study population
PROFLOW (PROspective Evaluation of Coronary FLOW Reserve and Molecular Biomarkers in Patients with
Established Coronary Artery Disease) is a prospective, exploratory and open study in high-risk patients with verified coronary artery disease. We have used data from SCAAR (Swedish Coronary Angiography and Angioplasty Registry) to identify patients with high risk for future MACE. We screened patients with a history of spontaneous type-1 MI (>3 months and <5 years) with at least one of the following additional risk factors: age ≥65 years, angiographic evidence of multivessel coronary artery disease, diabetes mellitus, hypertension, two or more spontaneous MIs, chronic, non-end-stage renal dysfunction (creatinine clearance calculated by Cockcroft Gault equation <60 mL/min*m 2 ), incomplete revascularization. The eligible patients who fulfilled inclusion and exclusion criteria (Table 1) were contacted and offered participation in the study. In this paper, we present cross-sectional data measured at the time of inclusion in the study. 
Sample size and power calculation
We calculated the sample-size based on the aim to achieve a 95% confidence interval with high precision (±0.04) around the prevalence of impaired CFR. If we assumed that 20% of the study population would have CFR ≤2, then 600 patients would be needed based on the variability of CFR observed in the previous study. 8
Patient enrolment
We enrolled 619 patients who fulfilled inclusion criteria at two centers in Sweden ( 
Echocardiography and assessment of CFR
A basic transthoracic echocardiography protocol was performed according to recommendations from the European Association of Echocardiography. 10 We used the Sequoia C256 (Acuson Siemens, Mountain View, CA) ultrasound system with a 4-MHz probe. Detailed protocol and validation of Doppler flow measurements in LAD have been previously described. 11, 12 Briefly, the mid to distal part of the LAD was identified using 3.5-MHz color Doppler in the interventricular sulcus in a modified 2-chamber view. Flow velocity signals at rest and during adenosine infusion (140 μg/min/kg) over 5 mins was recorded with pulsed Doppler. We monitored blood pressure and ECG during the whole procedure. All studies were digitally stored for off-line measurements. CFR was analyzed offline using the ultrasound software Image-Arena (Tomtec, Unterschlissheim, Germany). Mean diastolic flow velocity at baseline and during peak hyperemia was measured by manual tracing of the diastolic Doppler flow signals. CFR was calculated as the ratio between the hyperemic and baseline flow velocity values. All evaluation CFR was performed by one experienced sonographer at the core lab (Sahlgrenska University Hospital) blinded to the information about patients' characteristics. We divided patients into two groups based on the cut-off value for CFR of 2.5. This cut-off value has previously been demonstrated to be associated with worse prognosis. 13, 14 Statistics Continuous variables are presented as mean ± SD and categorical variables as frequencies.
Normal distribution was tested by histograms and Shapiro-Wilks test. The dependent variable (CFR) was transformed with a square root to a normal distribution. Differences between the groups with normal and decreased CFR (CFR>2.5 and CFR≤2.5) in continuous variables were tested with the Student's t-test and differences in categorical variables were tested by the chi-square test. We imputed missing data using multiple imputation chainequation method 15 with 20 data sets. Continuous variables were imputed by ordinary least squares multiple regression, whereas categorical variables were imputed using logistic regression and categorical variables by multinomial logistic. The imputation procedure and subsequent analyses were performed according to Rubin's protocol 16 under the assumption that missing data are missing at random. Independent predictors of CFR were assessed with multiple linear regression. The following covariates were entered into the model for prediction of CFR as dependent variable; age, gender, BMI, smoking history, hypertension, diabetes mellitus, hyperlipidemia, renal dysfunction, chronic obstructive pulmonary disease (COPD), peripheral artery disease (PAD), previous stroke, months after MI, additional MI, multivessel disease, incomplete revascularization, previous PCI, previous CABG, angina pectoris and NYHA-class. The goodness of fit (calibration) of the regression model was assessed by the coefficient of determination (R 2 ). Multicollinearity between the variables in the model was assessed by calculation of variance inflation factor (VIF). The interaction was evaluated by including an interaction term in the regression model. Heteroscedasticity was tested with the Breusch-Pagan/Cook-Weisberg test. Regression specification-error test was performed with Ramsey's test. We calculated the sample-size calculation to achieve a 95% confidence interval with high precision (±0.04) around the prevalence of impaired CFR. If more than 20% of the study population have CFR ≤2 (the primary hypothesis), then 600 evaluable patients will be needed based on the previous study. 8 All statistical analyses were performed using Stata® software (version 14, StataCorp, College Station, Texas, USA). All tests were two-tailed, and a P-value of <0.05 was considered statistically significant.
Results
Study population
total of 619 patients were included in the study between July 12 th 2013 and December 16 th 2015 ( Figure 1 Coronary flow reserve CFR in LAD was successfully evaluated in 611 (98.7%) patients ( Figure 2 ). Mean CFR was 2.74±0.79. CFR ≤2.5 was found in 39.0%, and almost two-thirds (61.6%) had CFR ≤3.0 ( Figure 3 ). In univariate linear regression analysis based on the variables we used for the risk enrichment, age >65, hypertension and incomplete revascularization were associated with significantly lower CFR values while multivessel disease, diabetes, previous MI and renal failure did not (Table 4 ). Patients who had CFR ≤2.5 were more likely to be females, had more often hyperlipidemia, and they were more often incompletely revascularized ( Table 2) . We found no differences in medical treatment between the patients with normal and low CFR except treatment with ACE/ARB, which were more common in the group with CFR ≤2.5. In the multiple linear regression model, independent predictors of CFR were age, dyslipidemia, smoking, hypertension, body mass index, incomplete revascularization, treatment with angiotensin receptor blockers and heart rate (Table 3) . Gender, history of stroke, and treatment with beta-blockers showed a trend for statistical significance. There was no interaction between gender, age, history of diabetes, incomplete revascularization, multivessel disease. 
Discussion
We evaluated CFR in 619 patients with high risk for future MACE. The most important finding of this study is that two-thirds of these patients with previous MI had evidence for decreased or abnormal CFR. The heart can increase blood flow through coronary circulation three to six times in the settings of increased demand compared to the flow under resting conditions. Consequently, the cut-off at CFR >3 is regarded as the lower threshold for the normal value in the healthy human heart. An unexpectedly large proportion of patients in our study had evidence of disturbed CFR. Previous studies have demonstrated that traditional cardiovascular risk factors are associated with impaired CFR. It has been shown that impaired CFR is a strong predictor for MACE and therefore worse prognosis. 6, 7, 9, 17, 18 Traditionally, reduced left the ventricular function, infarct size, age, and TIMI-flow are Abbreviations: BMI, body mass index; NYHA, New York Heart Association; CABG, coronary artery by-pass surgery, PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; MI, myocardial infarction; P2Y 12, inhibitor of P2Y 12 receptors; ASA, acetylsalicylic acid; CCB, calcium channel blocker; ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor inhibitor; CFR, coronary flow reserve; LAD, left anterior descending artery. used for estimation of long-term prognosis in patients with known ischemic heart disease. But these markers are rather imprecise and frequently fail to identify individuals with increased risk even in a high-risk population. Several recent studies have shown that CFR is an independent factor that provides prognostic information in addition to traditional risk markers. In one of these studies, Murthy et al. 7 performed rest/stress positron emission tomography (PET) and measured CFR in 2783 patients with previously known or suspected coronary artery disease. They found that patients in the lowest tercile (CFR<1.5) had a 5.6-fold increased risk of mortality compared to patients in the highest tercile (CFR>2.5). In a similar high-risk population consisting of 4313 patients, Cortigiani et al. 6 performed stress echocardiography with an evaluation of CFR by transthoracic Doppler and found that the mortality at four-years was substantially higher in subjects with CFR <2 than in those with CFR >2. 4 This finding was consistent both in the patients with and without ischemia at stress echocardiography. In these two studies, CFR provided additive value for risk stratification independently of the prevalence of ischemia measured by positron emission tomography and stressechocardiography. Furthermore, it has been demonstrated that there is a direct negative linear relationship between CFR and increased risk of adverse cardiovascular events, ie, the lower the CFR, the higher the risk. 5, 8 The role of CFR as an independent predictor of cardiac mortality has been studied in other patient groups with increased risk for major adverse cardiovascular events. Murthy et al found that diabetic patients without known CAD but with impaired CFR had a similar rate of cardiac death as nondiabetics with known CAD. On the other hand, patients with diabetes without known CAD and preserved CFR had event rates comparable to non-diabetics. 5 These findings have been confirmed by others. 19 An important finding in our study is that incomplete revascularization was a strong independent predictor of impaired CFR. This is a particularly interesting observation in the light of the results from the recent clinical trials addressing the significance of completeness of revascularization in patients with STEMI who have the multi-vessel coronary disease. Until now, several studies have demonstrated that patients in whom infarct-related artery, as well as non-infarct related arteries (with significant stenosis), were successfully treated with coronary stents had less MACE compared to the strategy in which only the infarct-related artery was treated. The COMPARE ACUTE was the largest study so far in which these two strategies were compared and showed that patients with STEMI randomized to complete revascularization based on fractionally flow reserve-guided PCI, had a 65% reduced risk of MACCE (death from any cause, nonfatal myocardial infarction, revascularization, and cerebrovascular events) at one year (HR 0.35; 95% CI, 0.21-0.58; P<0.001). 20 CFR is affected by coronary microvascular function as well as by significant epicardial stenosis. Epicardial coronaries constitute only approximately 15% of the coronary vasculature. The remaining part of the coronary circulation consists of pre-arterioles, arterioles, and capillaries, which are referred to as the coronary microcirculation. In the absence of significant coronary obstruction, impaired CFR reflects disturbed microvascular function. [3] [4] [5] [6] One of the possible mechanisms behind the long-term protective effects of complete revascularization in patients with STEMI with the multi-vessel coronary disease could be mediated by improved CFR in all three coronary arteries compared to the only infarct-related artery. Indeed, we have demonstrated that the presence of a significant lesion in one coronary artery predicts decreased CFR in another. 12 One explanation for this association might be that coronary artery disease, being a progressive and systemic phenomenon, affects biological properties of the vessel wall in epicardial segments of coronary arteries but at the same time also the biology of microcirculation. When the advanced atherosclerotic lesions are present in one coronary territory, the regulation of coronary flow may be disturbed in the whole heart and not only in the most diseased vessel. The regulation of coronary blood flow is the result of a complex interaction between many factors with endothelium as regulatory center. [4] [5] [6] Since normal coronary flow depends on the interplay between many known and possibly yet unknown physiological systems, CFR may contain integrated information about these complex biophysical and biochemical arrangements. Nevertheless, even when complete revascularization is achieved, CFR can still be reduced under the normal physiological level. In our study, 69% of patients with CFR ≤2.5 were completely revascularized at the time of the index procedure.
Physicians prescribe evidence-based pharmacological treatment to patients after MI for secondary prevention with ASA, statins, ACE/ARB, and beta blockade. Indeed, the majority of patients in our study were asymptomatic and had adequate pharmacological therapy. But despite the adequate therapy, the majority of patients had impaired CFR. Impaired CFR is associated with a higher prevalence of vulnerable plaques and greater plaque burden with higher levels of high-sensitivity C-reactive protein, 21 indicating a pro-inflammatory and pro-thrombotic condition prone to future adverse cardiovascular events. Success in treatment of conventional risk factors improves CFR (normalization of high blood pressure, normalization of glucose levels in diabetes, normalization of atherogenic lipoproteins in hyperlipidemia, smoking cessation, increased physical activity, and reduced mental stress). Based on our results, we propose that apart from achieving full revascularization and adequate evidence-based secondary prevention, the high-risk individuals would benefit from pharmacological (and other) interventions with the specific aim to increase CFR. Individualizing length and extent of antithrombotic therapy could be one way to achieve this while novel pharmacological agents that interfere with inflammatory and coagulation pathways in the blood and vessels wall could be another. Perhaps coronary interventions in this patient population should combine mechanical revascularization with local and long-term administration of drugs specifically designed to improve CFR.
In conclusion, a majority of patients with previous MI and additional risk factors have decreased CFR despite adequate secondary preventive intervention long after the index event. Incomplete revascularization is the strongest independent predictor of CFR. CFR could be used for prognostics stratification in a high-risk population with previous MI. CFR could be used as a target in future studies with pharmacological intervention to decrease major adverse cardiovascular events.
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